Abstract Double quantum and triple quantum filtered 23 Na nuclear magnetic resonance techniques were used to characterise in detail the isotropic and anisotropic binding and dynamics of intra-and extracellular Na 
, despite the fact that part of it is often not detectable in conventional spectra because of quadrupolar effects. It is well known that quadrupolar nuclei with spin I = 3/2, such as 23 Na, 39 K and 87 Rb, may exhibit biexponential relaxation because of their interaction with electrostatic sites on ordered biopolymers (Jaccard et al. 1986; Pekar and Leigh 1986) in systems where they rapidly exchange between free and motionally bound states. The biexponential decay of the transverse magnetisation occurs when the -3/2 $ -1/2 and ?1/2 $ ? 3/2 outer transitions of the I = 3/2 nuclei relax faster than the -1/2 ? ? 1/2 inner transition (Hubbard 1970) . In principle, the isolated, quadrupolar I = 3/2 nucleus can undergo single, double and triple quantum NMR transitions. When the nucleus-bound state is not at the extreme narrowing motional limit and undergoes biexponential relaxation, both double quantum filtered (DQF) and triple quantum filtered (TQF) NMR signals can be observed (Jaccard et al. 1986; Pekar and Leigh 1986) .
Multiple quantum filtered (MQF) NMR spectroscopy has been successfully applied to quadrupolar nuclei (spin I = 3/2) in biological systems, in particular to characterise isotropic and anisotropic motions of bound Na
? (KempHarper et al. 1997) . In isotropic systems, biexponential relaxation only leads to the creation of the third-rank tensor T 31 because of the degeneration of the outer transitions. Thus, in this case, the DQF and TQF spectra are identical except for a 50 % increased efficiency of the TQF coherence formation (Chung and Wimperis 1990) , and the respective signals consist of a positive T 31 signal with a line shape resulting from two Lorenzian lines in antiphase. In ordered or partially ordered systems (where the average quadrupolar interaction, given by the residual quadrupolar coupling constant, x Q , is nonzero), the degeneracy of the outer spin transitions is lifted and the second-rank tensor T 21 can be formed (Jaccard et al. 1986 ). This is detected in the DQF spectra as a broad negative component presenting a pair of overlapping dispersive lines of the satellites in antiphase, split by 2 x Q (Shinar et al. 1993) . Thus, 23 Na DQF NMR enables the detection of anisotropic motion of Na ? because of their interaction with ordered structures in biological tissues (Eliav et al. 1992; Kemp-Harper et al. 1997 ). While the negative T 21 signal is not observable in TQF spectra, a DQF spectrum that is different from the TQF spectrum is indicative of order in the biological system.
Isotropic and anisotropic motion of Na ? was detected using this method (Kemp-Harper et al. 1997 ) in a variety of biological systems, in vitro and in vivo, such as animal and human tissues-cartilage, tendon, skin and spinal discs (Borthakur et al. 2002; Duvvuri et al. 1998; Eliav and Navon 1994; Eliav et al. 1992; Insko et al. 1999; Ooms et al. 2008a, b; Reddy et al. 1997; Shinar et al. 1995) , organs-salivary glands, breast, muscle, heart, liver and brain (Dizon et al. 1996; Duvvuri et al. 1999; Hutchison et al. 1993; Insko et al. 1999; Jelicks and Gupta 1993; Kalyanapuram et al. 1998; Kemp-Harper et al. 1994; Kushnir et al. 1997; Lyon and McLaughlin 1994; Lyon et al. 1991; Navon et al. 1994; Payne et al. 1990; Reddy et al. 1995; Schepkin et al. 1998; Seo et al. 1990; Seshan et al. 1997; Tauskela et al. 1995) , and tumors (Hancu et al. 2002; . Some studies on cells or their fractions have also been reported, such as mitochondrial suspensions (Grieve et al. 1998) , as well as human and dog red blood cells (RBCs) (Gullapalli et al. 1992; Knubovets et al. 1998; Shinar et al. 1993) , human RBC ghosts (Knubovets et al. 1996) and human RBC membranes (Srinivasan et al. 1999) .
Li ? has been successfully used in the treatment of bipolar disorder, although its pharmacological mode and sites of action are still not completely clarified. 23 Na MQF NMR experiments have been performed in order to study Li ? /Na ? binding competition in RBCs and RBC membranes (Gullapalli et al. 1992; Srinivasan et al. 1999) . The binding state of Li ? can be studied indirectly via the 23 Na multiple-quantum coherence as the 7 Li nucleus is only weakly quadrupolar and no 7 Li double quantum coherence can be detected (Gullapalli et al. 1991) . The observed quenching of the 23 Na DQF NMR signal in both the intraand extracellular compartments of human RBCs in the presence of Li ? has been qualitatively interpreted by Li ? competition with Na ? for both intra-and extracellular binding sites in human RBCs (Gullapalli et al. 1992) . Li has also been shown to compete with Na ? for binding sites in unsealed and cytoskeleton-depleted human RBC membranes (Srinivasan et al. 1999) .
In this work we extended our previous membrane studies to quantitatively investigate the DQF and TQF 23 Na NMR behaviour of Na ? in both intra-and extracellular compartments of a series of different types of cells, such as bovine chromaffin and human neuroblastoma SH-SY5Y cells, as well as rat neurons and astrocytes, and compared it with human RBCs in an effort to clarify the origin of the characteristics of the 23 (Fonseca et al. 2004 )] and 0.874 [SH-SY5Y cells (Ahuja et al. 1978) ] were used in these calculations. This latter a value refers to neuroblastoma cells in general and thus is only an estimate for the SH-SY5Y cells. The C T value for these cells was calculated considering a similar total cell volume relative to chromaffin cells.
The kinetics of Li ? influx, at 37°C in BMG-immobilised astrocytes in the presence of 15 mmol l -1 Li ? , was found to be faster than observed for RBC suspensions and agarose-embedded chromaffin and SH-SY5Y cells, with a k value of 0.43 ± 0.01 h (Fig. S1D) Na NMR signal of ?6.0, ?5.5, ?5.9, ?6.8 and ?4.4 ppm was observed in the 23 Na SQ spectra of RBCs, astrocytes, neurons, chromaffin and SH-SY5Y cells, respectively, before 23 Na MQF NMR spectra acquisition. As expected, the TQF and DQF 54.7 (h = 54.7°) spectra consisted solely of positive T 31 and negative T 21 signals, respectively, thus allowing their separate detection. These components correspond, respectively, to the isotropic and anisotropic motions of Na ? restricted by its binding sites. The intensities of the T 31 and T 21 components of the intraand extracellular 23 Na MQF signals were modulated by the creation time. In all cases, extracellular Na ? gave the dominant contribution to the DQF 54.7 spectra (Figs. 1b, d , S2B-S4B). In the TQF spectra, extracellular sodium dominated for RBCs (Fig. 1a) and to a lesser extent for chromaffin cells (Fig. S2A ) and astrocytes ( Fig. S4A ). In SH-SY5Y cells, the intracellular and extracellular sodium had similar contributions (Fig. S3A) , while in neurons, the intracellular sodium had the dominant contribution to the TQF spectra (Fig. 1c) . The modulation of the extracellular Na ? T 21 signals by the creation time was regular and very similar for the five types of cell systems (Figs. 1b, d , S2B-S4B), but the behaviour of the T 31 signals was quite different for RBCs relative to chromaffin and SH-SY5Y cells (Figs. 1a, S2A , S3A). While the RBC suspensions gave an intense T 31 signal with a regular modulation (Fig. 1a) , the agaroseimmobilised and perfused cells gave weak T 31 signals with an irregular pattern of creation time dependence (Figs. S2A, S3A). This irregular pattern was not found in BMGimmobilised astrocytes (Fig. S4A ) and neurons (Fig. 1c) .
For intracellular Na ? , the 23 Na TQF spectra gave similar T 31 signals in the five types of cell systems studied (Figs. 1a, (Figs. 1b, 3b) .
Effect of Li
? on the DQF and TQF 23 Na NMR signals of intra-and extracellular Na The Li ? loading of the RBCs, astrocytes, chromaffin and SH-SY5Y cells induced a small decrease as a function of The experimental points of the creation time (s) dependence of the measured TQF and DQF 54.7 signal intensities (as given by their integrals), obtained for the intra-and extracellular compartments, under control and Li ? -loading conditions were fitted to Eqs. 4 and 5, respectively (Figs. 2, 3, S5 and S6) . Tables 3 and 4 show the effect of Li ? loading on the different parameters describing these signals, including the maximum intensity of the MQF (I max ) and the corresponding s max , the A and B constants, the T 2f and T 2s values and the residual quadrupolar coupling constant x Q , as well as the agreement factors R 2 defining the quality of the data fitting. As mentioned in the Methods section, in this analysis, in a first step, all the 0.05, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, 11, 13, 15, 17, 20, 25, 30, 40, 50, 70 and 100 ms (for a, b); 0. 005, 0.05, 0.5, 0.8, 1, 1.2, 1.4, 1.6, 2.5, 3.75, 5, 10, 15, 20, 25 and 50 ms (for c, d) Eur Biophys J (2013) 42:503-519 507 parameters in Eqs. 4 and 5 were allowed to vary simultaneously. Then, in order to fine-tune the fitting procedure, x Q was set to the best value(s) obtained in the previous optimisation step, and the data points were re-fitted by allowing the other parameters to vary. Na MQF NMR (Dizon et al. 1996) . The intraand extracellular Li ? resonances could also not be separated in the absence of the SR by 7 Li MQF NMR techniques because the multiple quantum coherences of this weakly quadrupolar nucleus are not detectable (Gullapalli et al. 1991) . The conditions in which the SR was used do not significantly perturb the Li ? and Na ? cell transport kinetics and distribution (Fonseca et al. 2004; Layden et al. 2003; Nikolakopoulos et al. 1998) . However, the SR on its own can lead to the appearance of DQF 23 Na signals even in the absence of slow motions and anisotropy because of cross-correlation between the paramagnetic and quadrupolar interactions (Ling and Jerschow 2007) , which may affect the extracellular Na ? MQF signals. We started by studying the kinetics of Li ? uptake by the cells and how it affects Na ? distribution. As expected, the kinetics of Li ? uptake depended on the specific cellular system under study (Fonseca et al. 2004; Layden et al. 2003; Nikolakopoulos et al. 1998 (Fonseca et al. 2004; Gullapalli et al. 1991 Gullapalli et al. , 1992 Layden et al. 2003; Mota de Freitas et al. 1992) .
Li ? uptake by RBC suspensions (Ht = 47 %) at 25°C, in the presence of 40 mmol l -1 Li ? , was an extremely slow process, of the order of several hours, in agreement with data published in the literature (Gullapalli et al. 1991 (Gullapalli et al. , 1992 ] eT despite the higher Ht. Thus, the k i value in our study at the lower Ht of 47 %, which could not be obtained (Table 1) , should be even lower than the one reported in the literature, as k i decreases with decreasing Ht .
It should be noticed that the k i values determined for the immobilised cells are in fact apparent k i (k iapp ) because of the contribution of the diffusion process of Li ? across the gel before reaching the cells (Fonseca et al. 2004; Nikolakopoulos et al. 1996) concentration (Nikolakopoulos et al. 1998) . The difference in k iapp may be due to differences in the compactation of gel threads in the NMR tube. We have found that a higher compactation degree of the gel threads in the NMR tube is ? , resulting in a residual quadrupolar interaction, have been associated with Na ? binding to the cytoskeleton proteins, in particular the spectrin fibers, the major component of the RBCs membrane skeleton (Knubovets et al. 1996; Shinar et al. 1993) . Such anisotropic binding sites were also observed in other biological systems (Navon et al. 2001) , such as connective tissues (e.g. skin, cartilages) (Borthakur et al. 2002; Duvvuri et al. 1998; Eliav and Navon 1994; Eliav et al. 1992; Insko et al. 1999; Reddy et al. 1997; Shinar et al. 1995) , for which the effect resulted from Na ? interaction with the collagen fibres (Eliav and Navon 1994; Eliav et al. 1992; Shinar et al. 1995) , and also in other tissues, such as perfused rat hearts (Schepkin et al. 1998; Tauskela et al. 1995) , rat brain (Lyon et al. 1991) and in vivo human skeletal muscle, brain (Reddy et al. 1995) and breast (Duvvuri et al. 1999) . The absence of anisotropic Na ? motions within neurons, astrocytes, chromaffin and SH-SY5Y cells probably results from the lack of binding of Na ? to fibrous structures in their cytoplasm or to the different organisation or protein composition of the cytoskeleton. For instance, distinct isoforms of spectrin (namely fodrin, a spectrin-like nonerythroid protein) were found to be present in chromaffin cells and brain in general (Fujimoto et al. 1991; Hays et al. 1994; Langley et al. 1986 ).
The patterns observed for the extracellular T 31 and T 21 signals in the RBC suspensions result from the binding of extracellular Na
? by the outer cell membrane surface, but in the immobilised cells the heterogeneity of the extracellular medium caused by the presence of the agarose gel contributes to the immobilisation of the Na ? ions, which are present in distinct environments with different mobilities. This heterogeneity affects the isotropic Na ? sites, leading to the irregular pattern of the T 31 signals observed, but does not affect the anisotropic sites reflected by the T 21 signals, which could come predominantly from membranebinding sites. This irregular pattern was not found in BMGimmobilised astrocytes and neurons, probably because of the lower rigidity and higher ion permeability of the BMG threads relative to the agarose threads.
The present studies on RBC suspensions at Ht = 47 % can be compared with previous studies with Ht = 88 and 58 % (Knubovets et al. 1998) . While the transverse relaxation parameters, T 2f and T 2s , of the intracellular 23 Na
? SQ resonance are basically not affected by the presence of the SR or a change of Ht, those of the extracellular Na
? are dependent on these two factors (Knubovets et al. 1998) . These parameters determine the values of s max , and also the efficiency of the MQF signals, as given by the ratio of MQF max /SQ intensities. In fact, the MQF max /SQ ratio depends on the relaxation rate ratio R 2f / R 2s , with R 2f = 1/T 2f and R 2s = 1/T 2s (Tauskela and Shoubridge 1993) . For Ht = 47 %, we obtained values of s max of 3.4 ms (DQF 54.7 ) and 8.5 ms (TQF) for intracellular Na ? (Tables 3, 4) , in good agreement with the literature values at Ht = 88 and 58 % (Knubovets et al. 1998 (Knubovets et al. 1998) . Thus, an increase of Ht decreases the value of s max for extracellular Na ? , as both T 2f and T 2s decrease as a result of an increase in the percentage of extracellular Na ? bound at the outer cell membrane (Knubovets et al. 1998) . The fraction of bound Na ? is one of the factors determining the T 2s /T 2f = R 2f /R 2s ratio, which, as discussed above, is a factor determining the efficiency of the multiple-quantum filtering and thus the MQF max /SQ intensities. The well-known reduction of the extracellular MQF signal intensity due to the presence of the SR (Jelicks and Gupta 1989a ) results from its paramagnetic effect on the relaxation of the extracellular 23 Na, which tends to equalise the T 2f and T 2s values.
The extracellular Na ? gave the largest TQF/SQ and DQF 54.7 /SQ ratios for RBCs in suspension, followed by the agarose-immobilised chromaffin and SH-SY5Y cells.
As discussed above, chromaffin and SH-SY5Y cells gave strong T 21 signals but weak and irregular T 31 signals, reflecting the strongly restricted anisotropic motions of the extracellular Na ? ions by the gel threads, leaving little contribution to isotropic motions. For intracellular Na ? , while the TQF/SQ ratio was largest for SH-SY5Y cells, followed by chromaffin and RBCs, the DQF 54.7 /SQ ratio was non-zero only in RBCs. This reflects the importance of the intracellular Na ? anisotropic motions in RBCs, restricted by the presence of the specific cytoskeleton proteins (Knubovets et al. 1996; Tauskela and Shoubridge 1993) , which may be absent or present in different isoforms in the cytoplasm of the other cells, only with isotropic Na ? motions.
We found that Li ? loading had considerable effects on the 23 Na TQF and DQF 54.7 signals from the extra-and intracellular compartments of the different cellular systems studied. A quenching of the 23 Na DQF NMR signal in both intra-and extracellular compartments of human RBCs in the presence of Li ? has been observed before (Gullapalli et al. 1992) , and this was presented as evidence for competition of Li ? with Na ? for both intra-and extracellular binding sites in human RBCs. However, in that study the pulse sequence used to generate the DQF had a value of h = 90°(DQF 90 ), which generates a superposition of signals from the second (T 21 ) and third (T 31 ) rank tensors with relative contributions that vary with the creation time s, leading to large variations of line shape with the s value, as also observed by us (data not shown) (Knubovets et al. 1996 (Knubovets et al. , 1998 Shinar et al. 1993; Tauskela and Shoubridge 1993) . Thus, the failure to account for the T 21 contributions strongly affected the signal integration (Tauskela and Shoubridge 1993) , especially at low s values, and thus the whole analysis of the data. In this work, we used the TQF (h = 90°) and DQF 54.7 (h = 54.7°) to ensure the separate detection of the T 31 and T 21 contributions.
The values of x Q for extracellular Na ? , obtained from the T 31 and T 21 signals, agreed well for each cell type, and also in the five types of cellular systems studied (7.8 ± 1.9 Hz). The x Q values for intracellular Na ? were much larger for RBCs (29 ± 3 Hz) than for the other types of cells studied (8.0 ± 1.6 Hz), indicating that the partially averaged anisotropies of the Na ? binding sites in the intracellular medium of RBCs are much higher than for other cells. They were also much higher than for extracellular Na ? in all cases. The x Q ¼ 29 AE 3 Hz value obtained in this work for intracellular Na ? in RBCs agrees quite well with the value of 25 Hz reported in the literature (Tauskela and Shoubridge 1993) .
The quantitative assessment of the quenching effect of Li ? on the 23 Na NMR T 31 and T 21 signals could in principle be done by comparison of I max , TQF/SQ and DQF 54.7 / SQ, or A and B amplitudes. The MQF signal efficiencies, given by the MQF max /SQ values (Table 2) , depend on the R 2f /R 2s ratio, which is believed to also reflect the fraction of bound Na
? (Tauskela and Shoubridge 1993) . In fact, the use of the DQF 90 pluse sequence in early studies, giving both T 21 and T 31 signals, led to reports that the efficiency of the generation of a DQF signal varies with the physiological state, thus preventing the quantitation of intracellular Na ? concentration ([Na ? ] i ) in biological systems by this methodology. For instance, changes in the DQF intracellular 23 Na ? intensity were not found to be proportional to changes of [Na ? ] i in human RBCs (Gullapalli et al. 1992; Jelicks and Gupta 1989b) and in perfused rat hearts (Hutchison et al. 1993) . Signal quenching in these systems was attributed to a reduction in macromolecular Na ions (Jelicks and Gupta 1989b) , competition with Li ? for a limited number of binding sites (Gullapalli et al. 1992) or a qualitative change in macromolecular Na ? binding (Hutchison et al. 1993 ). However, a later study has shown that, by isolating the contribution from T 31 exclusively, the DQF/SQ ratio for intracellular Na ? in human RBCs was constant over a fourfold change of [Na ? ] i produced by addition of nystatin, leading to a proposal that DQF/SQ is invariable with the physiological state (Tauskela and Shoubridge 1993) . We found in our study that the effect of Li ? is not the same on I max , MQF max /SQ, R 2f /R 2s and A (or B) for each experimental condition, reflecting the complexity of Eqs. 4 and 5. For example, in the case of extracellular Na ? in RBCs, Li ? addition causes an increase in the R 2f /R 2s ratio, but all the T 31 intensity parameters (I max , TQF max /SQ and A), as well as the T 21 parameters (I max , DQF max /SQ and B) decrease, indicating a quenching of both MQF signals. Thus, following a previous 23 Na MQF NMR study of Li ? /Na ? competition for the interaction with RBC membranes (Srinivasan et al. 1999) , we used the changes in the intensities of A and B as a measure of the quenching effect of Li ? on the 23 Na ? T 31 and T 21 signals.
Using this simple approach, we found that Li ? binding quenched the extracellular Na ? MQF signals in some cases, like T 31 (56 %) and T 21 (5 %) of RBCs, T 31 (33 %) of chromaffin cells (although this may not be relevant since the errors are quite large) and T 21 (38 %) of astrocytes, but it also increased their intensities in other cases, namely T 21 (22 %) of chromaffin cells, and both T 31 (160 %) and T 21 (36 %) of SH-SY5Y cells. The effects on the RBC suspensions simply reflect the competition of Li ? with Na ions for both isotropic and anisotropic binding sites at the extracellular surface of the RBC membrane. However, the more complex effects observed for extracellular Na ? in the agarose-embedded cell systems reflect, besides that ? isotropic movements but enhances its anisotropic motions, which are promoted by the cytoskeleton proteins. This enhancing effect of Li ? on the anisotropy of Na ? movements related to the cytoskeleton of RBCs is in agreement with previous observations in RBC membranes (Srinivasan et al. 1999) . For the other cell systems, which lack the T 21 signal, possibly because of a different organisation and protein composition of the cytoskeleton, we observed a quenching of T 31 for chromaffin (28 %) and SH-SY5Y (14 %) cells, reflecting the effects of Li ? on the intracellular Na ? isotropic movements. However, no effect was observed for astrocytes, possibly because of the lower Li ? concentration used in these experiments.
Conclusions
The study of the effect of Li ? on the 23 ? competition for both isotropic and anisotropic binding sites at the extracellular surface of cell membranes, but also at the gel surface (in the case of gel-immobilised cells). In fact, the introduction of another Na ? compartment by the presence of a gel matrix to which Na ? can bind will contribute to those 23 Na MQF signals. The presence of the SR can partially quench the extracellular DQF 23 Na signals (Jelicks and Gupta 1993) , but also contribute to the appearance of DQF 23 Na signals in the extracellular compartment(s) because of cross-correlation between the paramagnetic and quadrupolar interactions (Ling and Jerschow 2007) . In summary, 23 Na MQF NMR spectroscopy, along with the SR [Tm (HDOTP)] 4-, was found to be a powerful tool for the detailed study of extra-and intracellular molecular sites of Na ? and Li ? binding, enabling the distinction between isotropic and anisotropic Na ? binding sites and the study of the extent of Li ? competition for those sites.
Materials and methods

Materials
Collagenase (type B) and Percoll were purchased, respectively, from Boehringer Mannheim (Mannheim, Germany) and Pharmacia Biotech AB (Uppsala, Sweden). The shift reagent (SR) Na 3 H 2 Tm(DOTP).3NaCl was obtained from Macrocyclics (Richardson, Texas, USA). Dulbecco's modified Eagle's medium (DMEM)/Ham's nutrient mixture F-12 (DMEM/F-12, 1:1 mixture) was purchased from GibcoBRL Life Technologies (Gaithersburg, MD, USA). DMEM, Eagle's basal medium (BME) and fetal bovine serum (FBS) were purchased from GIBCO (Glasgow, UK). Culture dishes and flasks were obtained from Nunc (Roskilde, Denmark). Matrigel solution was from Serva (Heidelberg, Germany). All other reagents were obtained from Sigma (St. Louis, MO, USA) or Merck (Darmstadt, Germany).
Preparation of human red blood cell suspensions
Human venous blood was drawn into glucose-citrate anticoagulant containing tubes (1 ml of glucose-citrate anticoagulant for 6 ml of blood) and used immediately. The pellet of RBCs was separated from plasma by centrifugation at 3,1009g for 10 min, 4°C (Sigma 3K10), and washed three times in ice-cold saline isotonic solution (0.9 % NaCl). The RBC pellet was then re-suspended in an equal volume of a cold buffer containing, in mmol l -1 , NaCl 140, KCl 5, glucose 10 and N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (HEPES) 10, pH 7.35. The hematocrit of each sample was found to be 45-47 %. The cell suspension (2 ml) was then placed in a 10-mm outer diameter (o.d.) NMR tube for the NMR experiments.
Isolation of bovine chromaffin cells
Chromaffin cells were isolated from bovine adrenal medulla by collagenase B digestion and purified on a continuous Percoll density gradient, as described before (Brocklehurst et al. 1990 ). The cells were cultured up to a density of 1 9 10 6 cells ml -1 in a 1:1 mixture DMEM/F-12 (1.56 %) medium buffered with 15 mmol l -1 HEPES and 26 mmol l -1 NaHCO 3 , supplemented with 5 % (v/v) of heat-inactivated FBS, 100 units ml -1 of penicillin, 100 lg ml -1 of streptomycin and 0.25 lg ml -1 of amphotericin B, at 37°C, in a humidified CO 2 (5 %) and air (95 %) atmosphere. After 3 days in culture, chromaffin cells (90 9 10 6 cells, approximately) were collected and centrifuged at 1159g for 8 min at room temperature (Sigma 3K10). The cells were then immobilised in agarose gel threads (final agarose concentration of 1 %) with 0.5 mm external diameter, as described previously (Fonseca et al. 2004; Montezinho et al. 2002) and placed in a 10-mm o.d. NMR tube and perfused, at 1 ml min -1 , with oxygenated culture medium (37°C) for the NMR experiments.
Preparation of human neuroblastoma SH-SY5Y cells
The human neuroblastoma SH-SY5Y cell line was provided by Dr. E. Stubbs, Jr. (Department of Neurobiology, Loyola University Medical Center). The cells were grown at 37°C in a humidified CO 2 (5 %) and air (95 %) atmosphere in DMEM buffered with 18 mmol l -1 NaHCO 3 , pH 7.35, and supplemented with 10 % (v/v) FBS, 100 units ml -1 of penicillin and 100 lg ml -1 of streptomycin. When a confluence of 90 % was achieved, the cells (100-200 9 10 6 cells) were harvested with Puck's D 1 solution (in mmol l -1 : glucose 5, sucrose 58, NaCl 137, Na 2 HPO 4 0.2, KH 2 PO 4 0.2, KCl 5, pH 7.35) and immobilised in agarose gel threads (final agarose concentration of 0.75 %) with 0.5-mm external diameter, as reported in the literature (Fonseca et al. 2004; Montezinho et al. 2002) . The gel threads containing the cells were collected directly into a 10-mm o.d. NMR tube and perfused, at 1 ml min -1 , with oxygenated culture medium (37°C) for the NMR experiments.
Isolation of rat neuronal cells
Single cell suspensions were prepared from 16-day-old embryos from Wistar rats as described previously (RichterLandsberg 1988) . The cerebral hemispheres from 14 to 16 embryos were freed of meninges and mechanically disrupted. Cells were sedimented by centrifugation, re-suspended in 1 ml BME containing 10 % FBS and immediately mixed with 1 ml of basement membrane gel (BMG) extract (matrigel solution). Gel threads (0.3-mm diameter) were made, as described earlier (Alves et al. 1996) , into culture dishes containing BME medium supplemented with 10 % FBS and penicillin/streptomycin (100 units ml -1 ) and incubated at 37°C, in a humidified atmosphere of 10 % CO 2 in air, for 2-3 h, after which, the culture medium was exchanged to BME containing 0.5 % FBS (Brand et al. 1997) . The cells were then incubated for 5 days and used for NMR experiments. Cell growth inside the threads was followed using an inverted microscope. For NMR experiments, neurons immobilised in BMG threads were transferred into a 10-mm o.d. NMR tube fitted with a perfusion insert (Alves et al. 1996; Flogel et al. 1994) . Typical amounts of biomass corresponded to 70 lg of DNA per experiment for neurons. Cells were perfused at 1-1.5 ml min -1 with BME containing 0.5 % FBS and 1 g l -1 of glucose at 37°C and continuously gassed with 95 %O 2 /5 %CO 2 .
Isolation of rat astrocytes
Primary cultures of astrocytes were prepared from 1-to 2-day-old Wistar rats as described before (Richter-Landsberg and Besser 1994). In brief, cerebral hemispheres were freed of the meninges, mechanically disrupted and plated on culture flasks (2 brains/175 cm 2 ). Cells were kept for 6-8 days in DMEM supplemented with 10 % FBS and penicillin/streptomycin (100 units ml -1 ) at 37°C in an incubator with a humidified atmosphere of 7 % CO 2 in air. After 8 days of preculturing, the phase dark cells were separated by vigorous shaking and removed as previously described (McCarthy and de Vellis 1980) . The remaining astrocytes were detached by mild trypsinisation and subcultured in T-flasks for another 25 days. The growth medium was changed twice a week. After this period of time, approximately 10 7 cells were harvested by trypsinisation and pelleted by centrifugation. The cells were then re-suspended in 1 ml of DMEM and immobilised in BMG threads that were placed in culture dishes filled with culture medium and kept for 5 days in the incubator (Alves et al. 1996; Daly et al. 1988) . Cell growth inside the threads was followed using an inverted microscope. For NMR experiments, astrocytes immobilised in BMG threads were transferred into a 10-mm o.d. NMR tube fitted with a perfusion insert (Alves et al. 1996; Flogel et al. 1994) . Typical amounts of biomass corresponded to 100 lg of DNA per experiment for astrocytes. Cells were perfused at 1-1.5 ml min -1 with DMEM containing 0.5 % FBS and 1 g l -1 of glucose at 37°C and continuously gassed with 95 %O 2 /5 %CO 2 .
NMR experiments 23 Na single quantum (SQ) and MQF NMR spectra were acquired in the absence and in the presence of 3 mmol l NMR experiments on RBC suspensions, perfused immobilised bovine chromaffin cells and human neuroblastoma SH-SY5Y cells were performed on a Varian Unity 500 NMR spectrometer equipped with a multinuclear 10-mm broadband probe and a controlled temperature unit. NMR spectra of primary astrocytes and neurons immobilised in BMG threads were acquired on a Bruker DRX500 NMR spectrometer using a 10-mm broadband probe. The two spectrometers were operating at a resonance frequency of 132.2 MHz for 23 Na and 194.3 MHz for 7 Li. Typically, 7 Li NMR spectra were acquired on the Bruker spectrometer with 16 transients, a standard 90°pulse, an interpulse delay time of 9.6 s and an acquisition time of 1.4 s. In the two cases, the signal-to-noise ratio was enhanced by exponential multiplication with a line broadening of 10 Hz. On the Varian spectrometer, each 7 Li NMR spectrum was obtained from 64 transients (total accumulation time of 11 min for each spectrum) with a standard 90°pulse (pulse width of 15 ls), a spectral width of 5,600 Hz, an interpulse delay time of 10 s and an acquisition time of 0.360 s.
The 23 Na SQ NMR spectra were acquired with a standard 90°pulse calibrated for each sample (pulse width between 18 and 19 ls), a spectral width of 7,000 Hz, an acquisition time of 475 ms and an interpulse delay time of 1 s. The signal-to-noise ratio was enhanced by exponential multiplication with a line broadening of 10 Hz. For each sample, the receiver gain of the instrument was set to an appropriate value in order to avoid signal overflow.
The DQF and TQF T 2 spectra were acquired with the pulse sequence
90
À s=2 À 180
using a 128-step phase cycling routine with h = 54.7°or 90°for DQF 54.7 or DQF, respectively, and a 384-step routine with h = 90°for TQF spectra to eliminate other coherences (Bodenhausen et al. 1984; Jaccard et al. 1986; Pekar and Leigh 1986) . Therefore, the contribution of the even-rank tensor is detected only by double-quantum filtering. Moreover, when h = 54.7°, the contribution of the T 21 is detected exclusively (Chung and Wimperis 1990; Eliav et al. 1992; Jaccard et al. 1986; Shinar et al. 1993) . The value of s, the multiple-quantum creation or preparation time, varied between 0.005 and 100 ms; the evolution time, d, was fixed at 10 ls. The other NMR parameters used for the 23 Na MQF NMR experiments were as follows: spectral width of 3 kHz, recycling time of 250 ms (TQF) or 600 ms (DQF 54.7 ), acquisition time of 200 ms (TQF) or 500 ms (DQF 54.7 ) and line broadening for signal-to-noise enhancement of 20 Hz.
Data analysis and processing SQ intra-and extracellular 23 Na or 7 Li NMR signal integrals, A i and A e respectively, were quantitated using the standard Varian or Bruker software, and MQF signal quantitation was performed by a magnitude calculation after Fourier transformation, followed by point-to-point integration of the resultant peaks between user-defined break points. The intra-and extracellular Na ? and Li ? concentrations were determined according to a literature method (Gupta and Gupta 1982) , using Eq. 2, taking into account the cytocrit (C T ), i.e., the total percentage volume of cells in the sample (for cells in general; for RBCs the hematocrit, Ht, is usually used) and the ratio of volume of intracellular water accessible to Li ? ions to cell volume (a): ? concentration has reached a steady state, respectively. The influx parameters were obtained by non-linear least squares fitting of the experimental data to the monoexponential function of Eq. 3 using the Origin TM 6.0 program (Microcal TM Software, Inc., USA).
The modulation of the isotropic T 31 component intensity of the TQF signal by the s values is given by Eq. 4 (Eliav et al. 1992 ):
while the modulation of the absolute value of the anisotropic T 21 of the DQF 54.7 signal intensity was fitted using Eq. 5 (Eliav et al. 1992) :
The values of the residual quadrupolar coupling constant (x Q ), A and B constants (which represent the amplitudes of the T 31 and T 21 signals, respectively), T 2f and T 2s (fast and slow components, respectively, of the biexponential T 2 relaxation time) were obtained by fitting the TQF or DQF 54.7 signal areas versus the s value data to the appropriate function in Eqs. 4 or 5 using the Origin TM 6.0 program (Microcal TM Software, Inc., USA), which employs a Marquart-Levenberg non-linear optimisation algorithm. In a first step of the analysis, the parameters in Eqs. 4 and 5 were allowed to vary simultaneously. After that, and in order to fine-tune the fitting procedure, x Q was set to the best value(s) obtained in the previous optimisation step, and the data points were re-fitted by allowing the other parameters to vary. The goodness of the nonlinear regressions was evaluated by the corresponding R 2 values.
